myonuclear apoptosis as a target for interventions against age-related muscle loss. Results: Advanced age is associated with increased signaling through extrinsic and intrinsic apoptotic pathways in skeletal myocytes. In contrast, downregulation of myocyte apoptosis through calorie restriction, exercise training, hormonal supplementation, drugs (e.g. angiotensin-converting enzyme inhibitors, acetaminophen, antimyostatin antibodies), nutraceuticals or genetic interventions (e.g. PGC-1 ␣ overexpression) is linked with preservation of muscle integrity and improved physical performance in late life. Preliminary data also indicate that skeletal myocyte apoptotic signaling may be downregulated by compounds, such as resveratrol, with calorie restrictionmimicking properties. Whether exercise mimetics exert a similar effect has not yet been investigated. Conclusions: Available evidence suggests that targeting myonuclear apoptosis might provide novel and effective therapeutic tools to combat sarcopenia. Further research is required to definitely establish if downregulating myonuclear apoptosis is effective in maintaining muscle mass and function in late life, identify the most relevant apoptotic pathway(s) to target, and determine the optimal timing for intervening.
Introduction
Sarcopenia is a geriatric syndrome encompassing the loss of muscle mass and strength or physical performance with age [1] . Relevant consequences of sarcopenia include impaired mobility, higher incidence of falls and fractures, reduced quality of life, greater social and healthcare needs, and increased morbidity and mortality. Furthermore, sarcopenia is a major determinant of frailty [2] , i.e. a condition of impaired homeostatic reserve and reduced capacity of the organism to withstand stress, resulting in increased vulnerability to adverse health outcomes.
Given the clinical and socioeconomic ramifications of sarcopenia, extensive research has been devoted to understanding the biological determinants of this syndrome in order to provide specific targets for therapeutic and/or preventive interventions. In this context, experimental evidence supporting a role for myocyte apoptosis in the pathogenesis of sarcopenia has accumulated over the last decade [3] . Specifically, it is hypothesized that the acceleration of apoptosis taking place in the aging muscle may represent a converging mechanism through which muscle atrophy and physical function decline ensue. Indeed, the extent of apoptosis increases in the skeletal muscle over the course of aging, paralleling the loss of muscle mass and strength [3] . Furthermore, the biochemical characterization of experimental models of acute muscle atrophy has revealed elevated levels of myocyte apoptosis [4] . In addition, the genetic characterization of IL-10-deficient mice, a rodent model of frailty, unveiled upregulation of several apoptosis-related genes in the skeletal muscle [5] , further supporting the involvement of accelerated myocyte apoptosis in the pathogenesis of sarcopenia and physical function loss in late life. Conversely, downregulation of skeletal myocyte apoptotic signaling via pharmacological, behavioral or genetic interventions has been associated with attenuation of muscle loss and declining physical function [3] . The molecular mechanisms responsible for the acceleration of myonuclear apoptosis at old age have not yet been clearly established. However, it is believed that oxidative stress [6] , chronic inflammation [7] , reduced anabolic drive [8] and impaired insulin sensitivity [9] may play a prominent role.
In the next sections, an overview of signaling pathways of apoptosis relevant to sarcopenia will be provided, followed by a brief review of the literature supporting myocyte apoptosis as a target for interventions against muscle aging.
Signaling Pathways of Apoptosis and Peculiarities of Apoptosis in Skeletal Myocytes
Apoptosis is a process of programmed cell death which proceeds through a highly coordinated set of events, resulting in cellular self-destruction without inflammation or damage to the surrounding tissue [10] . For a detailed description of apoptotic signaling pathways, the reader is referred to comprehensive specialized reviews [11, 12] . Broadly, the apoptotic machinery comprises regulatory proteins, endonucleases, protease inhibitors and proteolytic enzymes, known as caspases. Upon cell death stimulus, initiator caspases (i.e. caspase-8, -9 and -12) are engaged, leading to the activation of effector caspases (i.e. caspase-3, -6 and -7), which are responsible for cellular degradation and DNA fragmentation. Two major pathways of caspase activation are distinguished based on the extrinsic or intrinsic origin of the death-inducing stimulus ( fig. 1 ). The extrinsic pathway is triggered by the interaction of cell surface death receptors (e.g. tumor necrosis factor receptor, TNF-R) with their ligands (e.g. TNF-␣ ). The intrinsic pathway involves the participation of mitochondria or the endoplasmic reticulum. Notably, mitochondria can induce apoptosis independent of caspase activation through the release of apoptosis-inducing factor and endonuclease G, both of which can directly operate DNA fragmentation.
In the skeletal muscle, given the multinucleated nature of myocytes, apoptosis displays unique features. Indeed, the activation of the apoptotic cascade results in the removal of individual myonuclei and the relative portion of sarcoplasm, a process known as myonuclear apoptosis. This pathway leads to fiber atrophy rather than wholesale cell death. In addition, apoptotic signaling may stimulate muscle protein degradation through the activation of the ubiquitin-proteasome system, leading to fiber atrophy, independent of myonuclear removal [13] . Indeed, muscle proteolysis and apoptosis are intimately interconnected given that apoptotic signaling is required for and precedes protein degradation during muscle atrophy [14] . Another peculiarity of skeletal myofibers resides in the presence of two bioenergetically and structurally distinct mitochondrial subpopulations: subsarcolemmal mitochondria, located beneath the sarcolemma, and intermyofibrillar mitochondria, arranged in parallel rows between the myofibrils. These two subpopulations display different susceptibility towards apoptotic stimuli and may therefore be differentially involved in the pathogenesis of sarcopenia [4] . Schematic overview of major extrinsic and intrinsic apoptotic signaling pathways. Binding of TNF-␣ to its cell membrane receptor (TNF-R) initiates the extrinsic apoptotic pathway through the recruitment of adaptor proteins (e.g. FADD, TRADD, TRAF). The resulting death-inducing signaling complex engages caspase-8, which subsequently activates caspase-3. The mitochondrial intrinsic apoptotic pathway involves the release of apoptogenic factors from the intermembrane compartment. This process is regulated by the balance between pro-and antiapoptotic Bcl-2 family proteins, such as Bax and Bcl-2, respectively. In addition, opening of the mitochondrial permeability transition pore (mPTP) can induce a sudden increase in membrane permeability, collapse of membrane potential, mitochondrial swelling and rupture of the outer membrane, with subsequent release of death effectors. For instance, following outer membrane permeabilization, cytochrome c can complex with Apaf-1, dATP and caspase-9, forming an apoptosome, which engages caspase-3. Alternatively, mitochondria can release AIF and EndoG, which perform DNA fragmentation independent of caspase activation. Finally, the endoplasmic reticulum-mediated intrinsic apoptotic pathway is initiated by the engagement of caspase-12, followed by caspase-3 activation. AIF = Apoptosis-inducing factor; Apaf-1 = apoptotic protease-activating factor-1; Bcl-2 = B-cell lymphoma-2; Bax = Bcl-2-associated X protein; CAD = caspaseactivated DNase; Cyto c = cytochrome c ; EndoG = endonuclease G; FADD = Fas-associated death domain; TRADD = TNF-receptor-associated death domain; TRAF = TNF-receptor-associated factor.
Myonuclear Apoptosis as a Target for Interventions against Sarcopenia
Several preclinical studies suggest that myonuclear apoptosis may provide a selective biological target for the development of preventive and therapeutic interventions against sarcopenia. Indeed, it has clearly been shown that preservation or accretion of muscle mass and strength in aged rodents, elicited by behavioral, pharmacological or genetic interventions, is accompanied, and perhaps mediated, by decreases in the extent of myocyte apoptosis.
In the next sections, the effects of these antisarcopenic interventions on apoptotic signaling will be briefly discussed.
Calorie Restriction and Calorie Restriction Mimetics
Calorie restriction (CR) without malnutrition is a robust antiaging intervention that has been shown to delay the onset and attenuate the severity of sarcopenia in a variety of species [15] . Studies in old laboratory rodents have demonstrated that CR reduces the activation of extrinsic and intrinsic apoptotic pathways ( table 1 ) . Indeed, lifelong moderate CR (i.e. 40% reduction in calorie intake) decreased the expression of TNF-␣ , TNF-R1 and Fas-associated protein with death domain in muscles of old rats relative to age-matched controls fed ad libitum [7, 8] . Furthermore, CR prevented the age-related elevation of active caspase-8 levels, downstream of TNF-␣ [7, 8] . As a result, cleavage of caspase-3 as well as the extent of apoptotic DNA fragmentation were reduced in old CR rodents. Interestingly, CR-mediated downregulation of the death receptor apoptotic signaling was accompanied by higher muscular levels of IL-15 and its specific receptor subunit IL-15 receptor alpha chain (IL-15R ␣ ) [8] . This muscle-derived anabolic cytokine possesses antiapoptotic properties, likely resulting from its interference with the apoptotic signaling pathway triggered by TNF-␣ [8] . Therefore, it is possible that the inhibition of death receptor-mediated apoptosis by CR may be achieved, at least partly, through the preservation of IL-15 signaling into late life.
With regard to the intrinsic apoptotic pathway, lifelong 40% CR was shown to increase the expression of apoptosis repressor with a caspase recruitment domain (ARC) in the gastrocnemius muscle of old rodents [16] . Notably, ARC, besides inhibiting caspase-2 and -8 activity, also prevents mitochondrial outer membrane permeabilization [17] . As a result, apoptosis-inducing factor 
Behavioral interventions
CR f f f f Resveratrol (CR mimetic) - f - - Exercise training f f - -
Drugs and hormones
? ? ?
Genetic manipulations
a Apoptogenic mediators downstream of mitochondrial outer membrane permeabilization were not investigated. b Caspase-3, downstream of the extrinsic pathway as well as the mitochondrial caspase-dependent and sarcoplasmic reticulum pathways, was the only apoptogenic mediator investigated. c Only the extent of apoptosis was determined. levels were lower in muscles from old CR rats relative to animals fed ad libitum. In addition, the expression of apoptosis protease activating factor-1, a component of the apoptosome, was reduced by CR, although this effect did not translate into decreased levels of active caspase-9. Finally, Dirks and Leeuwenburgh [16] showed that lifelong 40% CR reduced the expression of procaspase-12 in the gastrocnemius muscle of aged rats, indicating that CR can also counteract sarcoplasmic reticulum stress-mediated apoptotic signaling.
Despite undisputed health benefits brought about by CR, it is likely that most people will not be able to sustain substantial food restrictions for the long term. Moreover, weight loss may be harmful in nonobese older persons as it can accelerate muscle loss and increase the risk of disability and mortality [18] . Difficulties adhering to longterm food intake reductions and health concerns intrinsic to the adoption of CR regimens have sparked a great interest in the field of so-called CR mimetics. In fact, these agents could reproduce the effects of CR without requiring modifications in food intake.
Resveratrol, a plant-derived polyphenol found in grapes, red wine, peanuts and some berries, is probably the most promising of such compounds. Although the exact mechanisms underlying the CR-mimicking properties of resveratrol have not yet been fully unveiled, it is hypothesized that this compound may confer an increased cellular resistance to various stressors (e.g. oxidative stress and inflammation) by deflecting stress-response pathways from apoptosis toward stress resistance and survival [19] . Indeed, pretreatment with resveratrol of rat pheochromocytoma cells (PC12 cells) challenged with oxidants resulted in increased content of antiapoptotic B cell lymphoma-2 (Bcl-2), reduced expression of proapoptotic Bcl-2-associated X protein (Bax) and lower caspase-3 levels and activity [20] . Interestingly, Jackson et al. [21] found that 3-week resveratrol supplementation reduced levels of caspase-9 and increased the expression of Bcl-2 in the gastrocnemius muscle of old rats subjected to hind limb suspension. These adaptations were accompanied by a significant attenuation of muscle force loss secondary to immobilization.
Physical Exercise
Physical exercise is currently considered the primary countermeasure to sarcopenia [22] . Both aerobic and resistance exercise training have been shown to attenuate the rate of decline in muscle mass and strength with age [22] . Moreover, resistance exercise helps even very old, frail persons retain the ability of improving muscle mass and strength as well as physical performance [23] . Adaptations elicited by physical exercise in skeletal myocytes are complex and involve protein metabolism, mitochondrial bioenergetics, autophagy and redox homeostasis. With regard to the effects of exercise training on myonuclear apoptotic signaling, Song et al. [24] showed that 12-week treadmill exercise reduced the expression of Bax in the gastrocnemius muscle of old rats. Conversely, levels of Bcl-2 were increased in exercised rodents, resulting in a 96% decrease in the Bax-to-Bcl-2 ratio. In addition, cleavage of caspase-3 was lowered by 95% in old exercised rats. As a consequence, the extent of gastrocnemius apoptotic DNA fragmentation was significantly attenuated by the exercise intervention, such that old trained rats displayed levels of apoptosis similar to those observed in young control animals. It is noteworthy that the reduced severity of apoptosis was accompanied by ameliorations in muscle morphology, as indicated by the increased fiber cross-sectional area and diminished extramyocyte space. Similarly, Marzetti et al. [25] found that 4-week treadmill exercise training downregulated the death receptor pathway of apoptosis in the extensor digitorum longus muscle of old rats. Indeed, the age-related increase of TNF-R1, active caspase-8 and cleaved caspase-3 was reversed by physical exercise, resulting in reduced levels of apo ptotic DNA fragmentation. These adaptations were accompanied by improvements in exercise tolerance and forelimb grip strength.
Although exercise training is highly effective in counteracting age-related muscle loss, the large-scale implementation of such intervention is hampered by the lack of motivation of most persons. In addition, many older adults may be unable to engage in regular exercise training due to concomitant disabling conditions. To overcome such barriers, the intriguing possibility exists of pharmacologically mimicking exercise using pathwayspecific drugs. For instance, 4-week treatment with the orally active AMP-activated protein kinase agonist AICAR enhanced running endurance in sedentary mice [26] . The possibility of synthetically mimicking physical exercise by targeting myonuclear apoptosis warrants investigation.
Drugs and Hormones
As previously discussed, although behavioral interventions, such as moderate CR and physical exercise, have proven beneficial against age-associated muscle loss in experimental settings, most older persons are reluctant or unable to participate in such approaches. Therefore, the identification of biological targets for pharmacologi-cal interventions against sarcopenia is of extraordinary relevance. In this context, we recently showed that treatment of rats with the angiotensin-converting enzyme inhibitor enalapril between 24 and 27 months of age downregulated mitochondria-mediated apoptosis in the gastrocnemius muscle [27] . Specifically, enalapril administration reduced cytosolic levels of cytochrome c as well as the activation of caspase-9 and -3, resulting in decreased apoptotic DNA fragmentation. In contrast, the mitochondrial caspase-independent apoptotic pathway was unaffected by the intervention. Importantly, attenuation of skeletal muscle apoptosis was associated with improvements in physical performance, as determined by forelimb grip strength. Contrary to enalapril, losartan, an angiotensin receptor blocker, although producing similar effects on physical performance, did not attenuate the extent of skeletal myocyte apoptosis, suggesting that the two drugs may act through distinct cellular pathways [27] .
In another recent study, administration of acetaminophen to aged rats for 6 months increased Akt/protein kinase B activity and reduced Akt S-nitrosylation, while improving myocyte cross-sectional area and contractile protein expression [28] . Noticeably, Akt functions downstream of insulin-like growth factor-1 and stimulates glucose uptake, glycogen synthesis and protein synthesis. Akt also inhibits myonuclear apoptosis by interfering with mitochondrial outer membrane permeabilization. Indeed, Wu et al. [28] showed that amelioration of Akt activity following acetaminophen administration resulted in reduced levels of myonuclear apoptosis in the rat soleus muscle, sustained by decreased Bax expression and increased content of Bcl-2.
Further support to the usefulness of pharmacologically targeting myocyte apoptosis to rescue muscle mass arises from the observation that myostatin inhibition, obtained via administration of a mouse chimera of antihuman myostatin antibody, reduced the extent of myonuclear apoptosis in the tibialis anterior muscle of aged mice [29] . Furthermore, gene expression levels of caspase-3 were significantly lowered following antibody-directed myostatin inhibition. These biochemical changes were associated with increased myofiber cross-sectional area and enhanced maximum force generation of the tibialis anterior muscle [29] . Finally, Xu et al. [30] showed that administration of a nutraceutical mixture containing coenzyme Q10, creatine and ginseng extracts to late middle-aged rats decreased the susceptibility of quadriceps muscle subsarcolemmal mitochondria to undergo outer membrane permeabilization. The reduced apoptotic potential translated into improvements in forelimb grip strength. Interestingly, these effects were not observed when the supplementation was initiated later in life, suggesting that a critical time window exists for this intervention to succeed.
With respect to the effects of hormonal interventions on age-related skeletal myocyte apoptosis, it has recently been reported that testosterone supplementation reduces the extent of myonuclear apoptosis in the gastrocnemius muscle of old mice, while improving muscle mass and fiber cross-sectional area [31] . These adaptations were likely mediated by the suppression of myostatin signaling induced by the hormonal intervention. In contrast to testosterone supplementation, administration of growth hormone (GH) to old rats failed to reduce the severity of skeletal myocyte apoptosis and to improve muscle mass [25] . Indeed, GH supplementation, although reducing the expression of TNF-R1 and active caspase-8 in the extensor digitorum longus muscle, did not alleviate the agerelated elevation of cleaved caspase-3 and apoptotic DNA fragmentation. Apoptosis was even exacerbated by GH in the soleus muscle. This was coupled with reduced grip strength in GH-supplemented rats compared with agematched controls.
Similar to GH supplementation, 2-week administration of human IL-15 to aged rats unexpectedly stimulated, rather than suppressed, myonuclear apoptosis [32] . As a result, IL-15-treated rats experienced a reduction in muscle weight relative to age-matched controls. The mechanisms underlying this paradoxical effect of IL-15 are not known. However, it may be hypothesized that heterologous IL-15 might have functioned as an IL-15 antagonist in rats. Alternatively, it is possible that the lack of a concomitant increase in IL-15R ␣ expression, as observed with CR [8] , might have provided IL-15 with unanticipated proapoptotic properties.
Genetic Manipulations
The most convincing evidence linking mitochondrial dysfunction, myonuclear apoptosis and sarcopenia comes from the characterization of mice expressing a proofreading deficient mitochondrial DNA (mtDNA) polymerase [33] . Due to a disruption in the exonuclease domain of the polymerase-␥ , these rodents, called PolG mice, accumulate a high load of mtDNA mutations and display a premature aging phenotype, including severe sarcopenia. The loss of muscle mass in mtDNA mutator mice is accompanied by significant elevations in cleaved caspase-3 content, caspase-3 and -9 activities, and DNA fragmentation, indicating that excessive myonuclear apoptosis drives the development of sarcopenia. It is noteworthy that 5 months of endurance exercise induced systemic mitochondrial biogenesis, prevented mtDNA mutations, improved mitochondrial function and morphology, and lowered levels of apoptosis in multiple tissues of PolG mice [34] . These adaptations conferred complete phenotypic protection, reduced multisystem pathology (including premature sarcopenia) and prevented early mortality.
Similar to the PolG model, mice lacking the antioxidant enzyme copper-zinc superoxide dismutase (Sod1 -/-) age prematurely and develop severe sarcopenia [35] . Histological analysis of muscle samples from Sod1 -/-mice showed smaller myofiber cross-sectional area and a selective loss of white/fast glycolytic fibers, two features also displayed by aged human muscles. Biochemical characterization of Sod1 -/-mice revealed an age-related increase in muscular mitochondrial reactive oxygen species generation coupled with mitochondrial functional decay. Interestingly, the susceptibility to permeability transition was higher in muscle mitochondria from Sod1 -/-rodents relative to wild-type controls, indicating an elevated apoptotic potential. Furthermore, levels of Bax and Bcl-2 homologous antagonist/killer (Bak) were significantly elevated in mitochondria from Sod1 -/-mice, whereas Bcl-2 and B-cell lymphoma-extra large (Bcl-X L ) were downregulated. These alterations translated into increases in caspase-3 activity and apoptotic DNA fragmentation. Moreover, ultrastructural analysis of gastrocnemius muscle sections showed that apoptotic myonuclei were surrounded by abnormal mitochondria, indicating that oxidative stress-induced mitochondrial dysfunction instigates apoptosis. This observation is of great interest since it suggests that during the development of sarcopenia, apoptosis may occur independently of nuclear dysfunction. In this scenario, myonuclear apoptosis might therefore represent a fatality, whose prevention, via selective antiapoptotic interventions, may rescue myofibers from atrophy. This hypothesis is further supported by the observation that muscle-specific overexpression of perox isome proliferator-activated receptor-␥ coactivator-␣ (PGC-1 ␣ ), a master regulator of mitochondrial biogenesis, preserves mitochondrial function, reduces oxidative damage and decreases the activation of myonuclear apo ptosis in aged mice [36] . Indeed, expression levels of Bcl-2 were increased and those of Bax decreased in muscles from old PGC-1 ␣ transgenic mice compared with age-matched wild-type rodents. Furthermore, protein expression of cleaved caspase-3 as well as the extent of apo ptotic DNA fragmentation were significantly blunted in aged muscles overexpressing PGC-1 ␣ . As a result, old transgenic rodents exhibited greater muscle mass and physical performance compared with age-matched wild-type mice.
Conclusions
Available evidence supports the hypothesis that excessive myonuclear apoptotic elimination may drive the onset and progression of sarcopenia. Furthermore, results from studies employing behavioral, pharmacological or genetic interventions to rescue muscle mass at old age indicate that preservation of muscle integrity is accompanied, and perhaps mediated, by decreases in the extent of myocyte apoptosis ( table 1 ) . These findings raise the possibility that specifically targeting myonuclear apoptosis might provide a novel and effective therapeutic tool to counter sarcopenia. Of course, other cellular processes exist that contribute to muscle aging, including altered protein turnover, impaired satellite cell function and dysfunctional autophagy. Therefore, it is possible that simply downregulating myonuclear apoptosis might not completely preserve muscle mass and function into advanced age. In this scenario, combination therapies also targeting muscle protein turnover, autophagy and satellite cell function may provide a more thorough protection against muscle aging. Furthermore, devising an effective muscle-specific antiapoptotic intervention will face several challenges, including the identification of the most relevant apoptotic pathway(s) to target, the time window within which the intervention needs to be applied and, of course, safety issues. However, the possibility of relieving the individual and societal burden associated with sarcopenia and physical frailty at old age makes this task worth pursuing.
